Objective : Although surgical techniques for clipping paraclinoid aneurysms have evolved significantly in recent times, direct microsurgical clipping of large and giant paraclinoid aneurysms remains a formidable surgical challenge. We review here our surgical experiences in direct surgical clipping of large and giant paraclinoid aneurysms, especially in dealing with anterior clinoidectomy, distal dural ring resection, optic canal unroofing, clipping techniques, and surgical complications. Methods : Between September 2001 and February 2012, we directly obliterated ten large and giant paraclinoid aneurysms. In all cases, tailored orbito-zygomatic craniotomies with extradural and/or intradural clinoidectomy were performed. The efficacy of surgical clipping was evaluated with postoperative digital subtraction angiography and computed tomographic angiography. Results : Of the ten cases reported, five each were of ruptured and unruptured aneurysms. Five aneurysms occurred in the carotid cave, two in the superior hypophyseal artery, two in the intracavernous, and one in the posterior wall. The mean diameter of the aneurysms sac was 18.8 mm in the greatest dimension. All large and giant paraclinoid aneurysms were obliterated with direct neck clipping without bypass. With the exception of the one intracavenous aneurysm, all large and giant paraclinoid aneurysms were occluded completely. Conclusion : The key features of successful surgical clipping of large and giant paraclinoid aneurysms include enhancing exposure of proximal neck of aneurysms, establishing proximal control, and completely obliterating aneurysms with minimal manipulation of the optic nerve. Our results suggest that internal carotid artery reconstruction using multiple fenestrated clips without bypass may potentially achieve complete occlusion of large paraclinoid aneurysms.
cause of the incredibly complex neuroanatomical relationship between bone, neural, and vascular structures around this paraclinoid area evidenced by high rates of surgical morbidity and mortality, direct microsurgical occlusion for large and giant paraclinoid aneurysms have remained a great challenge for vascular neurosurgeons. Additionally, in spite of recent endovascular technique improvements, large and giant aneurysms at this specific site often occlude incompletely or recur due to neck broadness 33, 34) . Literature on the surgical results of large aneurysms in this unique anatomical area is limited 5, 7, 9, 18, 22, 30, 32, 35, 39) . In this study, we reviewed our consecutive experiences in the direct surgical clipping of large and giant paraclinoid aneurysms, particularly special surgical techniques, surgery related
INTRODUCTION
Aneurysms arising from the proximal part of the internal carotid artery (ICA) between its exit from the proximal dural ring (oculomotor membrane) and proximal to the origin of the posterior communicating artery have been collectively termed paraclinoid aneurysms 18, 19, 21) . These paraclinoid aneurysms are classified based on complex relationships between the aneurysm sac, dura, branching arteries, and anterior clinoid process 2, 3, 8, 14, 18, 19, 28, 29) . Advancements in endovascular and microsurgical techniques have substantially improved the completeness of aneurysm sac obliteration operations and the treatment outcomes of paraclinoid aneurysms 5, 8, 9, 15, 16, 18, 30, 33, 35, 39) . However, be-rect puncture after proximal and distal temporary occlusion. Internal carotid artery reconstruction was performed routinely using a multiple tandem clipping technique with variously shaped fenestrated clips. Briefly, the short right angled fenestrated clip was first applied to the proximal end of the broadneck aneurysm. The blades of fenestrated clips were applied in a parallel fashion to the ICA for reconstruction of the vessel lumen. Intraoperative Doppler was used to confirm no occlusion of perforators at the final step of operation.
The motor evoked potential (MEP), somatosensory evoked potential and visual evoked potential (VEP) were measured using an intraoperative monitoring (IOM) system (NIM-ECLIPSE system ® ; Medtronic, Minneapolis, MN, USA) in the five unruptured aneurysm cases. The efficacy of surgical clipping was evaluated with postoperative 3-D DSA and CT angiography in all cases. Postoperative results (i.e., clinical outcomes and surgery-related complications) were evaluated immediately following surgery, at discharge, and at the last follow-up date.
RESULTS
All ten patients were female (mean age, 50.1 years). Five of the ten aneurysms were unruptured, and the remaining were ruptured cases. Five aneurysms were located in the carotid cave, two in the superior hypophyseal artery, two in the CS, and one in the posterior wall. Nine of the aneurysm sacs were considered large and one was considered giant. The mean aneurysm sac diameter was 18.8 mm in the greatest dimension (Table 1). Initial clinical manifestation included bleeding (n=5), headache (n=2), decreased visual acuity (n=2), and cavernous sinus syndrome (n=1). Clinical symptoms relating to CS syndrome were caused by neural compression from large intracavernous sinus ICA aneurysm sac. The preoperative clinical neurological conditions and postoperative surgical outcomes were good in most cases (Table 1) .
Preoperatively, all cases underwent CT angiography and/or 3-D DSA. After operation, all patients underwent CT scans to exclude surgical complications. Postoperative DSA was also performed to detect any residual aneurysm and the completeness of the aneurysm neck occlusion after clipping. Three cases had multiple aneurysms at other sites; two patients had two associated unruptured aneurysms [one had ipsilateral unruptured multiple middle cerebral artery (MCA) aneurysms, another had contralateral ICA dorsal wall and M1 aneurysms]. One patient had one contralateral unruptured MCA bifurcation aneurysm. All associated aneurysms had been also treated with surgical clipping simultaneously or through a staged operation (Table 1, 2) .
With the exception of one intracavenous aneurysm, all large paraclinoid aneurysms were completely obliterated with the ICA reconstruction technique using multiple clipping with multiple fenestrated clips without bypass. Immediate surgical complications, which mainly related to ocular symptoms, occurred in five patients. Transient ptosis and hemiparesis occurred in complications, and outcomes.
MATERIALS AND METHODS
A retrospective chart analysis of ten consecutive patients surgically treated for large and giant paraclinoid ICA aneurysms, performed by a single neurosurgeon between September 2001 and February 2012, was performed. All patients with large paraclinoid aneurysms were female (mean age, 50.1 years). Demographic information for each patient was gathered from medical charts, surgical videos, and pre-and postoperative images. Clinical neurological status, including postoperative complications, was collected from medical records. Initial clinical states and postoperative results were assessed by the Glasgow Coma Scale and the Glasgow Outcome Scale. All patients underwent preoperative three-dimensional (3-D) cerebral computed tomographic (CT) angiography and/or digital subtraction angiography (DSA) to determine the size, location, and exact configuration of their aneurysms. During angiography, balloon test occlusion (BTO) of the ICAs and hypotensive challenge tests were performed in five unruptured aneurysm cases in order to assess the cerebrovascular collateral reserve prior to surgery. However, only 3-D CT angiography was used in the five ruptured aneurysm cases preoperatively.
Operative strategies were planned according to the preoperative imaging studies. Cervical ICAs were exposed in all cases for proximal control. According to the aneurysm sac size, direction and the relationship between the position of proximal neck and the distal dural ring (DDR), the tailored orbito-zygomatic approach (OZA) was performed in all cases. The authors adopted the supraorbital and subtemporal modified OZAs to lower the approach related morbidity. The anterior clinoid process (ACP) was removed extradurally and intradurally with microrongeurs and 2-mm high-speed diamond burr drill (Midas High-Speed Surgical Drill ® ; Medtronic, Minneapolis, MN, USA). The sphenoid ridge was flattened with a high-speed diamond-burr drill or various sized micro-rongeurs until the lateral edge of the superior orbital fissure (SOF) was reached. The orbitotemporal periosteal fold (OTPF) was then peeled away from the anterior wall of the cavernous sinus (CS) and orbital apex. This maneuver was the key part of the procedure, as it facilitated dural elevation in the posteromedial direction along the lateral aspect of the ACP. Through this procedure, most of the ACP could be removed extradurally. The roof of the optic canal and most of the optic strut was removed for adequate exposure of the proximal necks of aneurysms and for intracranial proximal control of the ICA. Removal was performed intradurally with microrongeurs in most cases to avoid thermal injury of neurovascular structures. Paraclinoid aneurysms were completely obliterated via direct clipping without bypass. During the surgical procedure, effort was made to avoid optic nerve injury with minimal and brief traction of the nerve. Aneurysm sacs were decompressed and dissected using aspiration with di-acuity measured as 0.9 on both sides by Snellen's chart, and no defects in visual fields or extraocular movements were noted. An unruptured left carotid cave aneurysm measuring 12×10 mm was found ( Fig. 2A-D) . Prior to planning surgical clipping, collateral circulation tolerance was confirmed with BTO during three patients (33.3%), and recovered spontaneously. At followups of at least six months, permanent visual complications had remained in two cases (20%) : one case of unilateral blindness and the other of an inferior nasal field defect on the ipsilateral side ( Table 2 ).
Illustrative cases
Case 1 : unruptured non-thrombosed left giant posterior wall aneurysm (No.8)
A 27-year-old female presented with sudden loss of vision on the left side. Her vision had gradually deteriorated for the past two months. On neuro-ophthalmologic examination, visual acuity measured as 0.1 on the right eye by Snellen's chart, but there was total blindness on the left. There were no defects in visual fields and no limitations in extraocular movement. An aneurysm was measured just over 60 mm in diameter in its greatest dimension (Fig. 1A-D) . Preoperative routine BTO was performed during preoperative DSA. Exposure of cervical ICA, intradural and extradural clinoidectomy with resection of DDR was performed routinely via OZA. The non-thrombosed giant aneurysm was directly clipped and the entire length of the supraclinoid ICA was reconstructed with eight different types of fenestrated aneurysm clips. The distal flow through the anterior cerebral artery and middle cerebral artery was nicely preserved (Fig. 1E-H) . Postoperatively, the patient experienced right transient hemiparesis two days after surgery. However, it resolved two days later with hypervolemic and hypertensive therapy. Postoperatively, her right eye vision had not changed, but her left eye vision improved to a level that she could perceive hand movement 30 cm in front of her.
Case 2 : unruptured left carotid cave aneurysm (No.10)
A 57-year-old woman presented with a one month history of blurred vision in her left eye. She had a 14-year history of hypertension for which she had been prescribed antihypertensive medication. On neuro-ophthalmologic examination, visual MEP and VEP were also monitored. During the tandem clipping and reconstruction of the aneurysm, an intraoperative rupture occurred. Ten minutes after proximal temporary occlusion of the cervical ICA, the amplitude of the MEP had comthe preoperative DSA. The cervical ICA was exposed for proximal control and OZA with anterior clinoidectomy, and resection of the DDR was performed as part of a routine procedure to expose the proximal neck of the aneurysm. The intraoperative injury, the pia vessels of the optic nerve must not be disrupted when incising the dura, and retraction of the optic nerve should be brief and minimal. Furthermore, the ophthalmic and superior hypophyseal arteries must be identified before incision of the distal dural ring to avoid inadvertent injury. The data in our study differed somewhat from what has been shown previously in the literature 1, 2, 5, 7, 11, [15] [16] [17] 26, 30) in terms of sex (all females in our study), a large number of large and giant aneurysms (10/31, 32.3%), and a predominance of carotid cave aneurysms (50%). However, certain features including age (typically diverse in adults, mean age of 50.1 years in our study), a presenting symptom of bleeding (50%), and the incidence of multiple aneurysms (3/10, 30%) in our study were in line with what has been published previously 1, 2, 5, 7, 9, 10, [15] [16] [17] 22, 26, 30) .
Surgical techniques
The complete removal of the ACP, optic canal and strut is an essential step in maximizing proximal neck exposure of large paraclinoid aneurysms and in gaining proximal control of the intracranial ICA. One drawback of the extradural anterior clinoidectomy technique is the limited extent of elevation of the frontotemporal dura over the ACP 10) . Bleeding from the diploic veins or the venous plexus surrounding the clinoid segment of the ICA can also make the last step of anterior clinoidectomy difficult. Several authors have recently described incision of the OTPF at the level of the lateral edge of the SOF as a key step in increasing exposure of the ACP, thus facilitating extradural clinoidectomy 6, 10, 27, 37) . Bone removal techniques using high-speed drills often result in direct mechanical or thermal injury 4, 36) . Since having experienced a case of ipsilateral blindness in intracavernous large aneurysm clipping, we have mainly used microrongeurs or micro Kerrison punches when removing the optic canal and optic strut to avoid these surgery-related complications. Chang 4) reported 45 consecutive anterior clinodectomy cases with a "nodrill" technique with no procedure-related complications in a cranial-based approach to paraclinoid and parasellar lesions. The greatest hazards relating to the surgical procedure in direct surgical clipping of large/giant paraclinoid aneurysms are microanatomical complexity and restrictions arising from limited space of intracranial proximal control, difficult bone work, broad aneurysm necks, and a lack of comprehensive anatomical knowledge, specifically of 3D contours between the aneurysm and the clinoid ICA.
Proximal control is another important issue to consider and may be achieved in the cervical carotid artery or the clinoid ICA. We always exposed the common, internal, and external carotid arteries in the neck before performing the craniotomy, and have not favored temporary balloon occlusion or suction maneuvers. We propose that exposure of the carotid artery in the neck is a much safer procedure as a means of gaining early proximal control. During surgery, exposure of the clinoid ICA and its use as a site of temporary clipping or of proximal control pletely dissipated. However, ten more minutes of proximal cervical ICA temporary occlusion was needed for complete occlusion of the broad aneurysm neck. Four differently shaped fenestrated and two standard clips were used to reconstruct the ICA with preservation of the ophthalmic and posterior communicating arteries (Fig. 2E-H) . After re-opening the proximal cervical ICA temporary occlusion, the MEP amplitude had recovered to one-third of normal at the end of surgery. The patient displayed right hemiparesis (grade III) immediately after the operation, but her motor weakness gradually recovered and normalized within six hours after surgery. No other complications were noted in her last follow-up visit.
DISCUSSION
Although endovascular techniques have improved, treatment of large and giant aneurysms in the paraclinoid region remain a significant problem as they are often incompletely treated or recur because of their broad necks, recanalization, and regrowth 33, 34) . The use of endovascular therapy in the treatment of large paraclinoid aneurysms is limited due to the superiority of the microsurgical treatment, which allows for greater durability, increased ability to ablate an associated mass effect, and decreased cost. Microsurgery of large/giant broad-neck paraclinoid aneurysms is the preferred method of treatment 5, 9, 18, 22, 35) . Because of the complex topographic anatomical relationships between aneurysms arising from the proximal ICA, branching vessels, and surrounding duro-osseous structures, various terms are used for aneurysm classification [1] [2] [3] 8, 14, [18] [19] [20] [28] [29] [30] 38) . Aneurysms in this area can be intradural, extradural, or both and there is also no reliable radiographic method to determine this 12, 13, 25) . The complex surgical anatomy, along with several factors including the size and projection of the lesion, choice of the surgical approach, relationships between the aneurysm and perforator vessels, site of proximal control, and potential improvement or worsening of visual symptoms, account for surgical difficulties 5, 7, 9, 19, 22, 31, 35) .
General considerations
An accurate preoperative assessment of the origin of these aneurysms is a critical initial step in management. Having accurate microsurgical knowledge about the dural relationships of the paraclinoid region is essential to successful surgical clipping of paraclinoid aneurysms. It is also important to gain maximal exposure of the aneurysm proximal neck, establish proximal control, and completely obliterate the aneurysms with minimal manipulation of the optic nerve. First, extradural and/or intradural clinoidectomy is important and very helpful for proximal neck exposure. Additionally, those operations must be very comfortable and facile with optic strut removal, which is critical for aneurysm proximal neck exposure in most paraclinoid cases. Second, exposure of the cervical ICA is an important and useful method for proximal ICA control. Third, to avoid optic nerve ries a potential risk of damaging the optic nerve and carotid artery 4, 9, 24, 32) . Simple rongeuring of the ACP, optic canal roof, and optic strut with various shaped microrongeurs eliminates the risk of direct mechanical and thermal injury from the use of a high-speed drill instrument in a narrow surgical corridor 4, 32) . Because the optic nerve is particularly sensitive to indirect or direct injury, minimal manipulation is most important in preserving visual function 23, 32) . The ipsilateral total blindness seen in the patient with the large intracavernous aneurysm (case 6) may be due to a number of causes of optic nerve injury, including long segment decompression of the nerve by unpredicted mechanical injury with vibration or by thermal injury, despite copious irrigation during drilling of the optic canal roof. Intraoperative monitoring of the VEP was not helpful in predicting this permanent optic nerve injury.
CONCLUSION
ICA reconstruction using the multiple tandem clipping technique with various shaped fenestrated clips is highly valuable in most cases. Therefore, microsurgical direct clipping, under direct visualization of the aneurysm and surrounding neurovascular structures should be considered first-line treatment of large paraclinoid aneurysms. This is evidenced by the excellent longterm feasibility in complete aneurysm occlusion of the procedure, though the technique may need further study of associated morbidity.
Optic nerve injury is still the most important complication during large paraclinoid aneurysm clipping. If direct microsurgical clipping is infeasible, endovascular treatment or trapping with or without a bypass procedure, depending on the collateral flow, should be considered.
of an unexpected intraoperative rupture of aneurysm cannot always be readily achieved.
Special recommended clipping techniques to preserve perforators, minimize optic nerve injury, and to achieve complete obliteration of the broad neck of large/giant paraclinoid aneurysms are as follows. First, short right-angled fenestrated clips which have an aperture larger than the diameter of ICA should be used firstly. Second, the short blade, large-aperture fenestrated clips should be applied in a parallel tandem fashion to reconstruct the lumen of the ICA without damaging the branching vessels. Third, the use of multiple fenestrated clips with short blades is better than the use of a single long blade clip for reliably and completely occluding broad neck large paraclinoid aneurysms.
Visual and other complications
Five patients had transient or permanent postoperative neurological deficits (20% ruptured vs. 75% unruptured aneurysms). The common deficits were visual impairment (20%) and transient motor weakness (20%). There were no cases of operative mortality in patients harboring large/giant paraclinoid aneurysms in our series. A recent study has published an overall transient/permanent complication rate of approximately 38% in a large series of 126 surgically-treated paraclinoid aneurysms treated over 20 years, with most complications relating to visual function 5) . Surgery-related complications from this study were much higher in the unruptured paraclinoid aneurysm group (62.5%) than in the ruptured group (25.4%). The study also reported an operative mortality rate of 11.6% in all patients presenting with bleeding aneurysms 5) . Intraoperative monitoring has been only used in unruptured cases to avoid ischemic complications during temporary occlusion of the cervical or supraclinoid ICA in the dissection and direct clip application stages of operation. However, in ruptured cases, IOM was not used given the emergent conditions. The patency of parent vessels and perforators was only monitored with intraoperative Doppler. Bypass was always prepared should there be need for it during microsurgical clipping, though it was not used in our study.
Untreated aneurysms have a tendency to grow continuously and compress the optic apparatus. There are no methods of treatment leading to visual recovery or improvement 30) . Compared with endovascular techniques, direct obliteration of the aneurysm sac provides for mass effect reduction, offering the possibility for visual recovery. However, there are instances in which the cause of visual deterioration cannot be precisely identified.
Optic nerve injury is one of the most common complications after surgical treatment of paraclinoid aneurysms. Possible times at which optic nerve injury can occur are during the removal of the ACP and optic strut, with unroofing of the optic canal due to heat or direct injury caused by the high speed drill, and with excessive manipulation or damage to the optic nerve. There is no method which warrants the preservation of visual function. Extradural drilling of the optic canal in skull base surgery car-
